Rhodobacter sphaeroides is a purple nonsulfur photoheterotrophic bacterium whose mode of growth depends upon the available oxygen concentration in the environment (49) . Upon reduction of oxygen concentrations below threshold levels of approximately 2.5% relative to air, R. sphaeroides synthesizes a specialized membrane system, the intracytoplasmic membrane (ICM), which houses all of the activities known to participate in the light reactions of photosynthesis (24) . Three distinct bacteriochlorophyll a (Bchl a) pigment-protein complexes, namely, the photochemical reaction center (39) and the two light-harvesting complexes, designated the B800-850 and B875 spectral complexes (6, 8) , are the primary light-gathering complexes of the ICM.
At least three different but perhaps related oxygen-responsive regulatory mechanisms are involved in the control of photosynthesis gene expression. FnrL (55) , the TspO system (54) , and the Prr system (12, 13) have all been described previously. The FnrL protein is involved in the positive control of the anaerobic expression of the hemA gene; the TspO protein provides a signal for the negative control of some pigment biosynthetic genes; and the Prr system represents a positiveacting two-component regulatory system, comprised of the PrrB, PrrC, and PrrA gene products.
Sequence examination predicts PrrB to be a membranebound histidine kinase and PrrA to be a cytoplasmic regulator without an identifiable DNA-binding domain, analogous to RegB and RegA, respectively, in Rhodobacter capsulatus (34, 42) . prrC encodes a member of a family of membrane-associated proteins (13) , whose members have been implicated in cytochrome c assembly in Saccharomyces cerevisiae mitochondria (41, 47) . Although no specific role has been accorded to PrrC, it does appear to be involved in the signal transduction mechanism. Support for this conclusion comes from work with R. capsulatus (5) , in which these authors observed an effect of SenC, the equivalent to PrrC, on gene expression. Target genes identified in our laboratory for the Prr system are puf, puc, puhA, and cycA (12) , as well as a gene(s) involved in pigment biosynthesis (13) . Inactivation of prrA leads to a complete loss of spectral complex formation and a near total loss of photosynthesis gene expression, even under anaerobic conditions, and therefore renders cells unable to grow photosynthetically (12) . Thus, PrrA plays a pivotal role in this sensory transduction pathway, and this role cannot be substituted by any other R. sphaeroides gene(s) under normal physiological conditions. Phenotypic revertants of a prrA null mutation that regain the ability to grow photosynthetically can be obtained (12) , and, in addition, mutations in the repressor gene ppsR will restore photosynthetic growth (15a) . Furthermore, a strain containing a mutant form of PrrB, namely, an L78P substitution, results in an oxygen-insensitive expression of the photosynthesis genes which is dependent upon an intact prrA gene (13) . The critical role of the prrA gene in turning on photosynthesis gene expression is that in multiple copy (four or five copies), even in the presence of high oxygen concentrations, photosynthetic membranes are produced (12) .
In our earlier studies of the PrrB78 mutant, we observed that two truncated forms of the prrB gene, when present in single copy, resulted in the continued formation of a functional ICM under anaerobic conditions at high light levels (13) . In addition, Gomelsky and Kaplan showed that a prrB nonsense mutation at position 120 within the gene resulted in substantial expression of puc::lacZ transcriptional fusions (ϳ60% of the wild type), as well as formation of ICM anaerobically (15) . These phenotypic differences between PrrB and PrrA null mutants prompted us to further analyze the role(s) of the prrB gene in photosynthesis gene expression in R. sphaeroides 2.4.1.
Comparing the expression of several photosynthesis genes in these different genetic backgrounds, we conclude that: (i) there must be alternative mechanisms for activating PrrA; (ii) the most significant regulatory role of PrrB in regulating photosynthesis gene expression through PrrA may be its phosphatase activity, as indicated by previous (13) and present data, and (iii) either posttranscriptional regulation of photosynthesis gene expression through the Prr system or different levels of activated PrrA are suggested to play a critical role in photosynthetic complex formation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . When appropriate, Escherichia coli and R. sphaeroides 2.4.1 strains were grown in media with tetracycline, streptomycin, spectinomycin, kanamycin, ampicillin, and chloramphenicol, as described previously (10, 11, 13) . The growth of R. sphaeroides was monitored with a Klett-Summerson colorimeter with a no. 66 filter (1 Klett unit ϭ 10 7 cells per ml). Cell densities were also measured with a Perkin-Elmer Corp. (Norwalk, Conn.) Lambda 4C spectrophotometer.
Construction of mutant strains. (i) PRRB3. pUI1660 was constructed by digesting pUI1643, which contains the wild-type prrB gene, with BsmI and RsrII, blunting the ends with the Klenow fragment of DNA polymerase I and T4 polymerase, and inserting an ⍀Sm r Sp r in place of the deleted BsmI-RsrII fragment. This leaves 6 codons at the proximal end of the structural gene and 53 codons at the distal end of prrB with an ⍀Sm r Sp r separating the ends of the gene, eliminating expression of the distal codons. A 0.95-kb SmaI fragment located immediately downstream of the R. sphaeroides prrB gene was subsequently cloned immediately downstream of the insert present in pUI1643 to extend the size of the DNA sequence downstream from the ⍀ cartridge and hence to create pUI1651. The entire insert from pUI1651 was subsequently cloned into pSUP203, a suicide plasmid for R. sphaeroides, and was used to cross the prrB deletion into the chromosome of R. sphaeroides 2.4.1. Sm r Sp r Tc s cells were selected as double-crossover candidates, and the chromosomal deletion was confirmed by Southern hybridization. The mutant strain was designated PRRB3 (see Fig. 1 ). PRRB1 and PRRB2 were constructed as described previously (13) ( Table 1) .
(ii) 2.4.1ZWTPRRBCA. pJE1263 contains an approximately 5.2-kb insert which harbors the prr region, with more than 1 kb of DNA adjacent sequence flanking each end. A 2,070-bp Tth111I-BspEI internal fragment containing most of prrB (the first 1,071 bp), all of prrC, and most of prrA (the first 221 bp) was substituted with an ⍀Km r to create pUI1666. The insert in plasmid pUI1666 was cloned into pSUP203, which was used to recombine the prrBCA deletion with the wild-type prr region in 2.4.1ZWT (26) , a strain in which the pucB gene is interrupted by a pucB::lacZ transcriptional fusion crossed into the chromosome. The structure of the mutant strain created, 2.4.1ZWTPRRBCA, was confirmed by Southern hybridization.
Plasmid constructions. Plasmid pUI1664 is a transcriptional fusion vector derived from pCF1010 (27) . It was constructed by inserting an approximately 1.2-kb blunt-ended BamHI fragment conferring Km r from pUC4K into the NruI site of tet in pCF1010.
The puf::lacZ translational fusion used in this study is contained in pUI1662. This plasmid was constructed by inserting an approximately 1.2-kb blunt-ended BamHI fragment conferring Km r from pUC4K into the NruI site of tet in pUI1851 (17) .
The puf::lacZ transcriptional fusion used in this study is contained in pUI1663. This plasmid was constructed by inserting an approximately 1.2-kb blunt-ended BamHI fragment conferring Km r from pUC4K into the NruI site of tet in pUI1830 (16) . Both transcriptional and translational fusions to puf contain 42 codons of the pufB gene fused to lacZ.
Plasmid pSUPpucBZ(ϩ) (25) contains a pucB::lacZ translational fusion, in which the XmnI site at the proximal end of the pucB gene was fused in frame to lacZ, generating an approximately 1.2-kb PstI-AatII fragment containing the complete regulatory region of puc as well as the 5Ј-proximal end of the truncated lacZ gene. In addition, a PstI-AatII double digest of the transcriptional fusion vector pUI1664 (see above) removed a fragment containing the multiple-cloning site as well as the 5Ј-proximal end of the lacZ gene but left an otherwise intact pUI1664. The insert from pSUPpucBZ(ϩ) was placed in the modified pUI1664 to create pUI1665, which contains a puc::lacZ translational fusion. Both transcriptional and translational fusions to puc contain 18 codons of the pucB gene fused to lacZ. Molecular techniques. Standard techniques were used for plasmid isolation, restriction endonuclease digestion, isolation of DNA fragments from gels, ligations, and other molecular biological methods (3, 13, 31, 44) . The linear DNA fragments were purified with Geneclean (Bio101, La Jolla, Calif.) and the Wizard DNA clean-up and/or Wizard PCR kit (Promega, Madison, Wis.).
Genetic techniques. Plasmid DNA was mobilized into R. sphaeroides by conjugation, and presumed double crossovers were scored by techniques previously described (10) .
RNA isolation and Southern, Northern, and slot-blot hybridization techniques. RNA was isolated (7, 56) from cells grown both chemoheterotrophically and anaerobically in the dark and assayed as described previously (7, 12, 56) . rRNA was used to normalize RNA recovery and abundance for each independent sample.
Radioactive probes were made from plasmid DNAs containing puf (pUI655), puc (pUI624) (28) , cycA (pUI661), or puhA (pUI660) (25) ( Table 1 ). The Maxiscript kit was purchased from Ambion, Inc., Austin, Tex., and used for in vitro transcription reactions. All procedures have been described previously (11) .
Analytical techniques. The protocol for the assay of ␤-galactosidase has been described previously (26) . All experiments involving ␤-galactosidase assays were performed at least twice. Protein determinations were performed by the Pierce assay (Pierce, Rockford, Ill.). The amount of the B875 light-harvesting complex can be measured at A 875 Ϫ A 820 nm, (ε ϭ 73 Ϯ 2.5 mM Ϫ1 cm
Ϫ1
), normalized for 2 mol of Bchl a per complex, whereas the B800-850 complex can be measured at A 849 Ϫ A 900 nm (ε ϭ 96 Ϯ 4 mM Ϫ1 cm Ϫ1 ), normalized for 3 mol of Bchl a, as described previously (24, 33) . 
RESULTS
Characterization of mutants PRRB1, PRRB2, and PRRB3. As previously reported, PRRB1 and PRRB2 (Table 1 ; Fig. 1 ) were unable to grow photosynthetically at low (3 W/m 2 ) or medium (10 W/m 2 ) light intensities (13) . This was also true for mutant PRRB3 (Fig. 1) , which was expected to synthesize only the first 6 amino acids of the PrrB gene product, whereas PRRB1 and PRRB2 were expected to synthesize the aminoterminal 63 and 163 amino acids of the prrB gene product, respectively. In all cases, pseudorevertants able to grow at low light intensities rapidly appeared. On the other hand, as shown in Fig. 2 , all three mutant strains grew photosynthetically with approximately the same doubling time (ϳ11.0 h) compared to the wild type (3.0 to 3.5 h) at a light intensity of 100 W/m 2 . PRRA2, which possesses a deletion of the prrA gene and cannot grow under any light intensity tested, was included as a negative control. Thus, in the absence of PrrB, these mutant strains are still capable of photosynthetic growth at high light intensities. These growth characteristics indicated the presence of residual photosynthetic complexes, albeit at levels insufficient to support growth at lower light intensities.
Previously, we had shown that PRRB1 and PRRB2 contained reduced levels of both the B875 and B800-850 spectral complexes compared to the wild type (13) . However, because each of these strains has the capacity to form truncated versions of prrB, they were compared to PRRB3 encoding only the amino-terminal 6 amino acids of PrrB. Spectra ( Thus, the severely reduced levels of spectral complexes appear to explain the inability of these mutant strains to grow at light intensities significantly below 100 W/m 2 . In no instance were spectral complexes produced in cells growing aerobically in 30% oxygen, similar to the wild type (data not shown). The difference between PRRB3 on the one hand and PRRB1 and PRRB2 on the other could be because the regulatory region for prrB overlaps the divergently transcribed regulatory region for the prrCA operon and thus the larger deletion in PRRB3 negatively affects the expression of prrCA, which would appear phenotypically as reduced spectral complex formation and photosynthesis gene expression.
The levels of total carotenoids (Crt) and bacteriochlorophyll (Bchl) in the mutant strains were also reduced compared to those in wild-type cells. Whereas wild-type cells produced ϳ19.9 mg of Bchl and ϳ9.1 mg of Crt per 100 ml of cells, PRRB1, PRRB2, and PRRB3 produced ϳ1.3 and ϳ0.06, ϳ2.2 and ϳ0.2, and ϳ0.5 and ϳ0.01 mg/ml, respectively. The levels of spectral complexes and pigments found in mutant cells grown photosynthetically at 100 W/m 2 were consistent with the data described above for cells grown anaerobically in the dark in the presence of DMSO (data not shown). Dark, DMSOgrown cells were routinely used for analysis of the mutant strains, since these conditions pose no selective pressure for photosynthetic growth.
Expression of puf::lacZ and puc::lacZ transcriptional and translational fusions. It is clear that PrrB has an effect on photosynthesis gene expression, and previous data support the hypothesis that this effect is channeled through PrrA (13) . As reported here, PrrB null mutants have a more moderate effect than their PrrA counterparts; i.e., PrrA mutants do not grow photosynthetically (Fig. 2) and do not produce photosynthetic complexes when grown anaerobically in the dark (12, 13) . Therefore, we investigated the mutations in prrB reported here Strains were grown either under conditions of high oxygen or anaerobically in the dark, as described in Materials and Methods. In addition to the appropriate transcriptional/translational fusion, each strain contained either vector pRK415 as a control or a wild-type copy of prrB in pRK415 ( Table 1) . The results of these analyses are shown in Table 2 .
The results of transcriptional fusions to puf showed an approximately 70% decrease in LacZ activity under anaerobic conditions, which should be contrasted to a ϳ10% decline in puc::lacZ expression. These data were in general agreement with results obtained with cells containing a nonsense mutation in prrB (15) . Similarly, under aerobic growth conditions, the same fusions revealed only a modest decrease in activity. This is to be contrasted with a ϳ90% loss in transcriptional activity associated with both the puf and puc operons in a PrrA mutant background. When translational fusions are examined under these conditions, the reduction in LacZ activity is over 90% for puf and about 50% for puc; these values are in agreement with those observed by Mosley et al. (34) when they used translational fusions to monitor both puf and puc activity in an R. capsulatus RegB mutant, which is equivalent to an R. sphaeroides PrrB mutant. When prrB was placed in trans in the mutant strains, puf operon expression was restored to ϳ60% of wild-type expression when the transcriptional fusions were used to monitor LacZ expression and to about the same as wild-type levels when the translational fusion was used. In the case of the puc operon, there was an actual inhibition of the activity observed for the transcriptional fusion and only a slight increase in activity observed for the translational fusion. Thus, unlike the presence of prrA in trans, where full activity is restored to a prrA mutation, prrB in trans shows more modest effects in a prrB mutation.
This effect of prrB in trans is also observed when monitoring puf expression under anaerobic conditions, where there is a ϳ30 to 40% inhibition in LacZ expression for the transcriptional and translational fusions. With puc, the presence of prrB in trans results in normal to slightly above normal LacZ activities. Again, these results should be contrasted to those where prrA is present in trans in the wild type, where photosynthetic membranes are actually formed under aerobic conditions (12) .
In summary, interruptions of the prrB gene used in this study have a negative effect on expression of both puf and puc. Whereas this negative effect was relatively modest to nonexistent when transcriptional fusions, specifically to puc, were used, the magnitude of the decrease in expression was significantly greater when translational fusions to puf were studied. In all cases, the effects of null mutations in prrB are relatively small compared to similar mutations in prrA when lacZ transcriptional fusions are used (12) . Analysis of mRNA levels in 2.4.1, PRRB2, and PRRA2. Because of the relatively modest changes in the expression of both puf::lacZ and puc::lacZ transcriptional fusions in the PrrB mutant strains compared to the wild type, it was necessary to examine the levels of these mRNA species directly in both mutants and the wild type. This is especially important because of the different results obtained when these activities were monitored with translational fusions. We used mutant PRRA2 as a negative control which shows decreased transcriptional activity for the various photoynthesis genes (12) . The results for puf and puc are shown in Table 3 and Fig. 4 as Northern hybridization values. Results from Northern hybridizations for cycA are also shown in Table 3 . puf-and puc-specific mRNAs were also monitored by slot blot hybridization, and the results are identical to those of the Northern hybridization analysis. In all cases, the levels of rRNA were measured as a control to monitor RNA recovery and were also used for normalization of the relative levels of specific mRNAs present in each slot or lane, and the values obtained were compared to the wild-type values obtained from cells grown anaerobically in the dark, which were arbitrarily set at 100.
Examination of the data indicated that there was a ϳ60% reduction in the amount of mRNA present under anaerobic conditions from puc and puf, whereas no reduction was found for cycA, when these activities were monitored in mutant PRRB2. Similar results were obtained by Karls and Donohue (22) , who measured the PrrA-regulated expression of cycA. Slot blot data obtained for puhA showed a ϳ25% decrease in expression for this gene in the prrB background. Predictably (12) and in contrast, PRRA2 cells showed a much more severe loss in expression of these same genes. Even under aerobic conditions, there were significantly higher levels of these mRNAs present in the PrrB mutant background than in the PrrA mutant background. These data generally support the observations made with the transcriptional fusions described above and reveal a different effect on photosynthesis gene expression in strains containing mutations in prrB as opposed to prrA, which have been previously shown to be in the same sensory transduction pathway (13) .
Analysis of the prr region in cells containing single copy puc::lacZ in the chromosome. Using chromosomal interruptions of the prrB gene, we have shown that in the absence of PrrB, transcription of the photosynthesis genes can still occur, presumably through the activation of PrrA. In all of these studies, the reporter puc::lacZ transcriptional fusion was present in trans in multiple copy. Therefore, we tested the role of the prr region on photosynthesis gene transcription, where only a single copy of the puc::lacZ transcriptional fusion was present in the chromosome (26) . To this end, we constructed strain 2.4.1ZWTPRRBCA (Table 1 ; Materials and Methods), which was deleted for prrB, prrC, and prrA, and contained a puc::lacZ fusion at the site of the puc operon. Expression of puc::lacZ in 2.4.1ZWTPRRBCA was compared to expression in 2.4.1ZWT, an otherwise isogenic strain except for prrBCA. The mutant strains additionally contained in trans either pRK415 as a control or a wild-type copy of prrA (pUI1621) or prrBCA (pUI1676). The results are shown in Table 4 . Under aerobic conditions, multiple copies of prrA increased the expression of the puc::lacZ fusion ϳ2.8-fold in cells with a wildtype copy of prrB, whereas expression was increased ϳ30-fold in cells lacking prrB as well as the rest of the prr region. In addition, under anaerobic conditions, the addition of prrA also had a more significant effect in cells lacking prrB than in cells which contain this gene. Thus, prrA appears to be more active under both conditions of growth in the absence of prrB, suggesting that the activation of PrrA must occur via other phosphoryl donors. Furthermore, the absence of PrrB in cells with deletions of the prr region is consistent with a higher expression of puc in cells with prrA in multiple copy. These data together, with the data presented above, indicate that although PrrB plays a positive role in photosynthesis gene expression, this role can be modulated by a negative effect of the PrrB gene product.
The effect of multiple copies of prrBCA is also significant when the reporter is in single copy. In this case, there is an increase in the gene dosage not only of prrB but also of prrA to an extent which is greater than when prrA is alone. This is because there are two transcripts which we have observed for Effect of prrA on spectral complex formation in the wild type, PRRB2, and PRRBCA1. We have established that substantial transcription of the photosynthesis genes studied here can occur in the absence of PrrB. Yet, paradoxically, PrrB Ϫ cells are significantly impaired in their ability to produce photosynthetic complexes, suggesting that PrrB is clearly involved in the "pathway" leading toward ICM synthesis. We previously showed that multiple copies of prrA confer upon wild-type cells the ability to produce both photosynthetic complexes and pigments when grown under conditions of high oxygenation (12) . Therefore, we tested the ability of multiple copies of prrA to bypass the block in spectral complex formation created by the absence of prrB, in strains with prrB alone deleted as well as in those with the entire prr region deleted. The data are shown in Table 5 . PRRBCA1 cells grown anaerobically in the dark were assayed for spectral complex formation, and it was found that they had very low levels of either spectral complex when compared to wild-type cells grown under the same conditions. Whereas pUI1672, containing a prrA null allele, failed to have an effect on spectral complex formation in PRRBCA1, the isogenic wild-type copy of prrA restored spectral complex levels to near wild-type values. This suggests that PrrA must be active in the absence of PrrB.
As expected from previous data, under aerobic conditions multiple copies of PrrA gave rise to light pigmentation and the presence of 0.9 Ϯ 0.3 nmol of the B875 complex in wild-type cells, whereas 2.2 Ϯ 0.2 nmol was produced in the more highly pigmented prrB mutant strain PRRB2. Under the same conditions, no spectral complexes are detectable in wild-type cells grown under high aeration.
Thus, (i) multiple copies of prrA can bypass the defect in spectral complex formation in cells containing a deletion of the prr region and therefore in the absence of PrrB, and (ii) under aerobic conditions, prrA in multiple copies is more effective in spectral complex formation when prrB is absent than in wildtype cells. This suggests that the presence of spectral complexes observed in the prrB deletion strains is actually due to the presence of a single functional copy of prrA.
DISCUSSION
Although our working model for the PRR signal transduction pathway in R. sphaeroides predicts that the presumed sensor kinase PrrB phosphorylates the response regulator PrrA, rendering the latter active for photosynthesis gene expression, mutations in each of these genes result in substantially different phenotypes (13) . Mutations in prrA have a strong and predictable effect, i.e., the loss of photosynthesis gene expression. We therefore studied the role of prrB by examining the effects on photosynthesis gene expression of three different mutations, each encoding different truncated forms of the PrrB protein. The prrB1 and prrB2 mutations yield nearly identical results. The prrB3 mutation, although phenotypically similar, is somewhat more severe than the first two. This difference, we believe, is related to the location of the regulatory sequence involved in expression of the prrCA transcript. prrB and prrCA are divergently transcribed, and the spacing between these structural genes is 91 bp. Thus, the deletion in prrB3 extending from bp 19 of the structural gene may include regulatory sequences affecting the transcription of prrCA, which appear to be cotranscribed (13a). We have previously shown that in addition, prrA must have its own regulatory sequence buried within prrC (12) . mRNA analyses currently under way will reveal the precise 5Ј ends of each of these transcripts. Thus, in the PRRB3 mutant strain the levels of PrrA gene product would be reduced but not eliminated, affecting only the prrCA transcript but not the prrA transcript and therefore showing a greater effect on photosynthesis gene expression than for mutants PRRB2 and PRRB1. It is unlikely that mutant PRRB1, which encodes the N-terminal 63 amino acids of PrrB, contains any significant PrrB activity. Regardless of which mutation is examined, the absence of PrrB does not appear to have a drastic effect on puf and puc operon expression compared to the effect caused by the absence of prrA. This was also true as observed in a separate study by Gomelsky and Kaplan (15) , who showed that in a mutant with a prrB nonsense mutation (at codon 120) a puc::lacZ fusion gave 60% expression compared to wild type. Further, we have observed that mRNA measurements generally agree with the lacZ fusion analysis. Thus, regardless of which method is used to assess the transcriptional activity of the photosynthesis genes examined in this study, they remain substantial in all the prrB mutations. This is in opposition to what we observed with prrA mutations.
If we presume that PrrA must be phosphorylated to activate photosynthesis gene transcription, these data show that activation can take place in the absence of PrrB. Thus, we are led to assume that other pathways for the phosphorylation of PrrA exist (Fig. 5) . We have previously shown that the HupT protein can at least partially serve this purpose (15) . Cross-regulation, also referred to as cross talk in cases in which there is no evidence to show that the process is not fortuitous, is emerging as a common theme in the regulation by signal transduction pathways in both prokaryotes (2, 9, 20, 38, 51, 52) and eukaryotes (19) . Cross-regulation is attributable not only to other histidine kinases but also to low-molecular-weight phosphodonors, like acetyl phosphate, both in vitro (14, 30, 32) and in vivo (43) . Histidine kinase mutants had yielded two previously unidentified signal transduction systems in E. coli (35) .
The significance of the putative cross-regulation of PrrA is still unclear. It could be speculated that the cell embarks on a committed and costly endeavor like ICM synthesis only after several physiological criteria have been met. These criteria would emanate from signals generated by different sensory inputs, and even though each signal could be processed independently, cross-regulation allows for integration of these alternative signals. An elaborate example of complex "circuitry" involving signal transduction is the sporulation system in Bacillus subtilis (40, 46) . With the recent identification of other regulators that regulate gene expression in response to oxygen in R. sphaeroides 2.4.1 (54, 55) , the necessity for signal integration becomes more apparent.
There still remains something of a paradox. On the one hand, PrrB does not appear to significantly regulate photosynthesis gene expression in a strongly positive fashion as does PrrA; but on the other hand, in mutant PRRB78, which contains an altered PrrB with a Leu-to-Pro change at position 78, photosynthesis gene expression is basically "full on" under both aerobic and anaerobic conditions, even to the extent of making ICM under conditions of high O 2 . Thus, it clearly appears to act positively. Although there are several possible explanations of these seemingly disparate observations, one plausible explanation is to suggest that PrrB can phosphorylate PrrA together with other phosphoryl donors but that it is an associated phosphatase activity of PrrB which is also regulated by O 2 (Fig. 5) . Therefore, when PrrB is deleted, heterologous phosphate donors maintain PrrA in the active state and these heterologous donors are themselves regulated by other sensor systems including aerobiosis and anaerobiosis, but they are unable to dephosphorylate PrrA. This also explains why extra copies of prrA in either wild-type or mutant backgrounds can lead to induction of ICM formation even in the presence of O 2 . Of particular importance here is the presence of ICM in mutants PRRB2 and PRRBCA1 with prrA in trans, which show a more than two-to threefold increase in B875 relative to the wild-type 2.4.1 (Table 5 ). These data suggest the possibility that PrrB can act negatively on the formation of the ICM.
Furthermore, when we examined this relationship between prrA and prrB at the level of gene expression, we saw that this effect is even more pronounced; i.e., PrrB appears to act neg- FIG. 5 . Model depicting the roles of PrrB and PrrA in photosynthesis gene expression in R. sphaeroides. Activation of PrrA by phosphorylation is by PrrB, as well as other phosphoryl donors. PrrB dephosphorylates PrrA in an oxygen-regulated fashion. Thus, PrrB is postulated to be both a positive and a negative regulator of PrrA. PrrA-P affects photosynthesis gene expression at the transcriptional level and possibly at the posttranscriptional level. PrrB, through PrrA, is also involved in pigment synthesis and/or accumulation. Either this latter role could be affected by PrrB through a protein other than PrrA, or PrrA-P may be required at higher levels to increase transcription of genes involved in pigment biosynthesis as opposed to those genes which encode the structural polypeptides of the spectral complexes.
atively in the presence of O 2 . Table 4 shows that the presence of prrA in trans in 2.4.1 gave a threefold increase in puc::lacZ expression in single copy in the chromosome. However, when the prrBCA region is deleted, the presence of prrA in trans results in over a 30-fold-increased expression of the same puc::lacZ fusion strain. An examination of Table 4 suggests that under anaerobic conditions, the role of PrrB as a specific PrrA kinase is more important than its presumed phosphatase activity. However, we must point out that under anaerobic conditions, photosynthesis gene expression is normally high, and therefore deciphering these alternative roles for PrrB may be more difficult against such a high background. Further complicating such a relationship is the possibility that different levels of activated PrrA are required to affect different photosynthesis genes (see below).
We previously suggested that PrrB might have phosphatase activity toward PrrA (13, 15) . Several histidine kinases are also phosphatases (1, 21, 29, 37) , and, likewise, RegB, the analogous histidine kinase to PrrB in R. capsulatus, has also been suggested to have phosphatase activity (34) . Thus, the data presented here, together with our analysis of mutant PRRB78 (13) , raise the possibility that there is a phosphatase activity associated with PrrB and that this activity plays a crucial role in photosynthesis gene expression in the presence of O 2 . A rigorous test of this hypothesis should become possible upon purification of these components.
There remains one additional point to be addressed, namely, despite the high levels of transcription measured either directly or via lacZ transcriptional fusions of the photosynthesis genes studied here when prrB is mutated, why do the levels of spectral complexes not reflect these relatively high transcriptional levels? Hence, is there another role for PrrB, or can different concentrations of PrrA-P activate photosynthesis genes differently?
Similar to R. sphaeroides, the expression of puf::lacZ translational fusions in R. capsulatus is greatly decreased in RegB Ϫ mutants under anaerobic conditions compared to wild-type cells, whereas puc::lacZ translational fusions show a much more moderate effect, analogous to what has been observed here. Translational regulation of puf operon expression in R. sphaeroides has also recently been documented (17) , although no relationship to the Prr system is obvious.
One possible explanation for these observations is that PrrB is involved in the regulation of a second target, in addition to PrrA, and that this is effective at a posttranscriptional step in ICM formation (Fig. 5) . The glnBA operon in R. capsulatus, which is regulated by the NtrB/NtrC two-component system, has also been postulated to be regulated posttranscriptionally (4), although we are not aware of any specific examples in which the sensor kinase of the regulatory pair is involved in posttranscriptional regulation.
An additional possibility is that PrrB exerts a separate and positive effect upon the transcription of genes involved in pigment biosynthesis, perhaps acting to increase the level of phosphorylated PrrA. Thus, in the absence of a functional PrrB, pigment synthesis cannot be derepressed and therefore assembly of the photosynthetic complexes would be limited because the levels of activated PrrA are sufficient only to affect the genes encoding structural polypeptides of the ICM but not specific genes involved in pigment biosynthesis. We have previously shown that PrrB positively regulates synthesis and/or accumulation of pigments (13) .
We have shown in a number of studies that there is only minimal correlation between the levels of puc-and puf-specific mRNAs and the final cellular levels of spectral complexes (17, 18, 28, 48) . Further, the relative abundances of B800-850 and B875 spectral complexes are, in addition to the above, determined by the relative concentration of spheroidene and spheroidenone (53) and the availability of Bchl and complexspecific assembly factors (36, 48) . Thus, at limiting Bchl a concentrations, regardless of the growth conditions, B875 is formed in preference to B800-850 despite the mRNA levels. We have also shown that excess mRNAs are translated but that excess apoproteins, relative to Bchl a availability, are broken down (50) . Thus, the turn-on of apoprotein synthesis at lower concentrations of PrrA-P relative to the induction of pigment synthesis is in keeping with the earlier observations. Thus, the data presented here suggest that the positive role of PrrB in photosynthesis gene expression can be attenuated, perhaps due to its specific phosphatase activity directed toward PrrA. This is especially apparent in aerobically grown cells, because the background of photosynthesis gene expression is low. Because other factors, e.g., PpsR, a strong repressor of photosynthesis gene expression both aerobically and anaerobically, and TspO, also regulate photosynthesis gene expression and spectral complex formation, this negative effect attributable to PrrB remains elusive. For example, in the absence of a functional PrrB, we might expect photosynthesis gene expression to be higher in the mutant than in the wild type, as opposed to the intermediate levels observed here when compared to the PrrA mutant background. However, a functional PpsR and TspO regulatory system partially overrides the loss of PrrB, giving the real but attenuated effects observed here. Therefore, the data presented herein demonstrate that PrrA activation may be less straightforward than the mere interaction of PrrB with PrrA.
